67
Methods 68 69
Animals. Mice (C57Bl/6) were purchased from Harlan Laboratories, Inc. (Indianapolis, IN). Mice were 70 housed in a standard animal husbandry facility under a 12-h/12-h light/dark cycle with T a between 22-71 24 o C. Female mice aged between 12 to 14 weeks were used in this study. All mouse studies were carried 72 out under institutionally approved animal research protocols HSC-AWC-07-102 (UTHealth). 73 74 AIHM Procedure. The AIHM procedure is as previously described (11). Briefly, each mouse was injected 75 intraperitoneally (i.p.) with 0.5 mg/g body weight of freshly prepared 5'-AMP (Sigma catalog # A1752-76 25G) dissolved in phosphate buffered saline. Within minutes, these mice enter a state of depressed 77 metabolism with much reduced physical movement. Mice given 5'-AMP and maintained at a T a of about
78
15 °C entered into deep hypometabolism after about 90 minutes. Standard water and food supplies were 79
provided ad libitum at all times. The heart and breathing rates were less than 1/10 of the normal euthermic 80
rates. The reverse flip behavior, when the animal regains the ability to right itself on its feet, signifies the 81 early arousal stage and is used as an indicator for the arousal process in this study. After the animals 82 exhibit reverse flip behavior, they gradually rewarm and resume normal behavior within 1-2 hours. 83 84 RNA sample collection. Control livers for total RNA extraction were collected from 3 untreated mice at 85 the equivalent zeitgeber time zero (ZT0). For untreated ZT groups, livers for total RNA extraction were 86 collected from 3 untreated mice for each of the ZT6 and ZT18 groups, while 4 mice were used for the 87 ZT12 group. For AIHM, arousal, 24 h, and 48 h groups, 0.5 mg per gram body weight 5'-AMP was 88 administered at ZT0. For the AIHM group, livers were collected in the middle of AIHM (n=4), about 6 89 hours post-AMP injection. Livers from the arousal group were collected when the mice exhibited reverse 90 flip behavior (n=4), about 12 hours post-AMP administration. Livers for the 24 h (n=4) and 48 h (n=3) 91 groups were harvested 24 hours and 48 hours following 5'-AMP administration, respectively. The liver 92 tissues were immediately frozen in liquid nitrogen upon harvesting and the total RNA was extracted from 93 each tissue sample using the Guanidium/CsCl method (28).
95
Microarray Analysis Briefly, microarray analysis was performed using Illumina Sentrix Beadchip Array 96
Mouse WG-6 v2.0 Beadchips containing 45281 probe sequences that span the murine transcriptome.
97
Two hundred nanograms of total RNA were amplified and purified using the Illumina TotalPrep RNA 98
Amplification Kit (Ambion, Cat# IL1791) following the manufacturer's instructions. The first strand 99 cDNA was synthesized by incubating RNA with T7 oligo(dT) primer and reverse transcriptase mix at 42 100 ºC for 2 hours. RNase H and DNA polymerase master mix were immediately added to the reaction 101 following reverse transcription and samples were incubated for 2 hours at 16 ºC to synthesize second 102 strand cDNA. In vitro transcription was performed and biotinylated cRNA was synthesized by a 16-hour 103 amplification with dNTP mix containing biotin-dUTP and T7 RNA polymerase. Amplified cRNA was 104 subsequently purified and the concentration was measured using a NanoDrop ND-1000 105
Spectrophotometer (NanoDrop Technologies, DE). An aliquot of 1.5 micrograms of amplified products 106 was loaded onto Illumina Murine WG-6 Beadchips and hybridized at 58ºC for 17 hours, washed and 107 incubated with streptavidin-Cy3 to detect biotin-labeled cRNA on the arrays. Arrays were dried and 108 scanned with a BeadArray Reader (Illumina, CA). Data were analyzed using GenomeStudio v1.03 109 software (Illumina, CA). Preprocessing utilized quantile normalization and background subtraction.
110
Differential expression was determined at p < 0.01 with multiple testing correction using Benjamini 111
Hochberg to reduce the false discovery rate (6, 55) . Clustering and pathway analyses were performed 112 with a Multiple Array Viewer v 4.3.02 (36) and Ingenuity IPA v8.6. Raw and normalized data sets for all 113 samples involved have been submitted to NCBI Gene Expression Omnibus (GEO) for repository under 114 the accession number GSE23975. 115
116
Network Analysis: Associations of the differentially expressed genes with broadly defined molecular 117 networks were carried out using Ingenuity Pathfinder Analysis (IPA, Ingenuity Systems, Inc. CA, 118 www.ingenuity.com) tools. Molecular networks are predicted based on the direct and indirect 119 relationships of the differentially expressed molecules to members of the networks in the IPA database. 120
The analyses of up-regulated and down-regulated genes for each time point group are processed as 121 separate groups when using IPA. For all time point groups, 5'-AMP was administered at ZT0; and all 122 experimental data were compared to data from untreated samples collected at ZT0 as control. Only values 123 that were significant at p < 0.01 with correction for FDR and with at least a 2-fold change in mRNA level 124
were included in the analysis. 125 126 SCN Immunofluorescence staining. For the AIHM group, 5'-AMP was i.p. administered at ZT0 and 127
arousals took place about 9 h after 5'-AMP administration. Fresh brains obtained at each indicated time 128 point were fixed with 4% PFA, and embedded in paraffin. Coronal sections containing the 129 suprachiamastic nucleus (SCN) were 8 µm in thickness. Antigen retrieval was performed in citrate buffer 130 (pH 6.0). Specimens were blocked with 1% BSA / 5% goat serum in PBS for 30 min. Specimens were 131 then treated with anti-PER2 antibody (59) for 48 h at 4 °C. Primary antibody was visualized using anti-132 rabbit IgG Alexa 555 antibody (Invitrogen, USA).
134
Quantitative Polymerase Chain Reaction (q-PCR). The intron-spanning primer pairs used for qPCR of all 135 genes tested were selected from the primer bank (http://pga.mgh.harvard.edu/primerbank/, Out of a total of 45281 unique sequences examined, 33 unique transcripts were significantly (p<0.01) up-156 regulated by at least 2-fold (Table 2) , including 31 annotated genes. A total of 6 genes were significantly 157 down-regulated by at least 2-fold and five of these were annotated. The expression levels of greater than 158 99% of the genes after 6 hours of AIHM were similar to those of the untreated euthermic control at 159 zeitgeber time zero (ZT0). 160 161
Fifteen of the known up-regulated genes are involved in a broadly defined IPA network of Behavior, 162
Gene Expression, Nervous System Development and Function (Table 3 and Fig. 1a ; Supplemental Fig. a-163 c). Thirteen of the up-regulated genes could be associated with the broadly defined IPA network of 164 Cellular Development, Cellular Growth and Proliferation and Cell Death ( Fig. 1b; Supplemental Fig. d,e) .
165
However, many of the molecules in the broad network, including some of the molecules connecting 166 multiple pathways, were not significantly up-regulated. Thus, we reasoned that the impact of the 167 differentially up regulated genes associated with AIHM in these various networks could be relatively 168 moderate. Given that half of the network eligible molecules (PER1, SOCS3, ATF3, ZFP36, GADD45G,  169  PLK3, EGR1, CSRNP1, JUNB, FOSB, FOS, JUN, GADD45A, Mechanism and Inflammatory Disease (Table 3) . As shown in Figure 1h , the vast majority of the 198 molecules in the network, including most of the nodal molecules that bridge many pathways, show no 199 detectable change. Therefore, the impact of these down-regulated molecules on the network may be 200 limited. Twenty-four of the down regulated genes have never been characterized or described in the 201 literature. 202 203 III, AIHM's effect on circadian clock regulated genes: 204
Previous studies have shown that the transcription levels of about 10% of liver genes oscillate and follow 205 a circadian rhythm (39). Therefore, it is important to examine whether the rhythmicity of the circadian 206 clock is maintained when the animals were in AIHM. AIHM and arousal liver samples were collected at 207 time points equivalent to ZT6 and ZT12, respectively. A comparison of transcript levels in liver tissue 208 from untreated mice at ZT0, ZT6, ZT12 and ZT18 to their expression level in both AIHM and arousal 209 phase reveals that cyclic genes observed in untreated mice have lost rhythmicity in the animals in AIHM 210 and arousal states. In fact the expression levels of these cyclic genes most closely resemble their 211 expression levels at ZT0, when 5'-AMP was originally administered. Figure 2 illustrates the data from 45 212 such genes, including many key circadian genes. Our analysis of these circadian genes is illustrated by 213 heatmaps. These particular genes were selected because their level of expression falls within the 214 expression range of the few well described circadian genes and thus can be displayed most clearly in a 215 heatmap. Other circadian controlled genes whose expression was higher or lower than the genes 216 illustrated behaved in a similar manner. These data suggest that AIHM treatment puts the circadian clock 217 on hold in the liver. 218 219
The liver data suggested to us that the peripheral circadian clock had been interrupted by the AIHM 220 treatment. We next investigated whether the central circadian clock of the suprachiamastic nucleus (SCN) 221 was also stalled by AIHM. The basic clock mechanism is based on a transcription and translation 222 feedback loop, and Per2 is one of the key regulators in the feedback loop (21). The cyclic expression of 223 PER2 in the SCN is a widely used indicator for central circadian clock regulation. Therefore, to 224 investigate whether central clock regulation in the SCN has been interrupted, PER2 specific 225 immunohistochemical staining studies were carried out in SCN of mice treated with AIHM over a 24 hour 226 period at 4 hour intervals (Fig. 3) . Mice in the AIHM group were administered 5'-AMP at ZT0 and they 227 became aroused about 9 h after 5'-AMP administration. In the untreated controls the peak PER2 228 expression was between ZT8 and ZT12, consistent with previous studies (52 Fig. 1i-j) . Since AIHM stalls the circadian clock until recovery, the majority 239 of these network eligible up-regulated genes are in a network with other well known circadian genes, such 240 as Bmal1 (ARNTL), Per1, Per2, Clock, Cry1, and Cry2 (Table 3 , Fig. 1i ). These observations suggest that 241 by 24 h-post AMP administration, the circadian clock has not fully reset to its normal rhythm.
243
By 48 h post AMP injection, there were only 5 up-regulated genes and 3 down regulated genes (Table 2,  244 3, Fig. 1k ). None of the differentially expressed genes overlaps with the differentially expressed genes in 245 the AIHM and aroused groups. Four of the eight differentially expressed genes are not annotated.
246
Therefore by 48 h post-treatment, mice aroused from AIHM appear mostly recovered at the gene 247 expression level. Consistent with our behavioral observations, the effects of AIHM treatment at the gene 248 expression level in the liver appear to be short lived. 249 250 VI. Genes differentially expressed in more than one state 251
To assess the dynamics of the changes of transcriptional expression from AIHM state to 48 hours post-252 treatment, a Venn gram analysis was carried out to reveal the genes that are up-regulated or down 253 regulated continuously from one state to the next (Fig.4 , to enter into a hypometabolic state in response to seasonal and environmental cues, allowing their core 291 body temperature to drop significantly towards the environmental temperature, and the physiological 292 ability to exit hibernation and return to their homeothermal state. While the hibernation of many different 293 species is well described, the core regulatory mechanism is still very much a subject of investigation.
294
Although, we have established an AIHM protocol that allows us to induce a deep hypothermal state in 295 several non-hibernators, the molecular changes that accompany this induced hypometabolism remain 296 largely unknown. Here we investigated the AIHM state at the gene expression level in the liver, a key 297 metabolic organ. 298 299
We found using microarray technology that more genes are differentially expressed at arousal than in the 300 AIHM state. The fact that 99.9% of transcripts analyzed did not change significantly during AIHM 301 suggests that regulation of gene expression was suppressed when core body temperature was at about 15 302 ºC. This observation is consistent with reduction of life processes to a minimum during AIHM, with only 303 a minimum number of necessary genes up-regulated to meet the change in physiological need. In contrast, 304 in the recovery stage, the body is "resetting" gene expression patterns to assist the resumption of normal 305 function by up-regulating transcripts of necessary genes while down regulating others. Interestingly, more 306 genes are up-regulated (33 transcripts) than down-regulated (6 transcripts) in the AIHM state (33 vs 6), as 307 well as in the arousal state (159 vs 51). In addition, many differentially expressed transcripts have not 308 been characterized: 5 of the 6 AIHM down-regulated transcripts (83%), 49 of the 159 arousal up-309 regulated transcripts (31%) and 24 of the 51 arousal down-regulated transcripts (47%). This may be an 310 indication that the AIHM induction and recovery processes involve physiological functions that remain 311 poorly understood. 312
313
Six of the top 10 up-regulated transcripts in the AIHM state are also among the top 10 up-regulated genes 314 in the arousal state. These are ATF3, FOS, FOSB, JUN, JUNB, and GDF15. In addition, EGR1, 315
GADD45γ and DUSP1 transcripts are also up-regulated in both the AIHM and the arousal states. A 316 common characteristic of these strongly up-regulated genes is that they are immediate early genes, that 317 are transcribed in response to stimuli independent of protein synthesis. They are typically activated by a 318 "cellular stress" signal and usually play a protective role. The stress induced ATF3 variant has been 319
shown to prevent c-Jun N-terminal kinase (JNK)-induced neuron death (31) and impact cell fate by 320 regulating alternative splicing and apoptosis (18). FOS, FOSB, JUN, JUNB are leucine-zipper proteins 321 that can give rise to homo and hetero-dimers to form the activation protein-1 (AP-1) transcription factor. 322 AP-1 regulates many target genes and is implicated in regulating stress responses, as well as various cell 323 growth and differentiation processes that depend on the specific cellular context (13, 48). GDF15, an 324 immediate early gene associated with cellular stress (60), is also known as a factor that is expressed at 325 high levels during ineffective erythropoiesis (43). Our recent study demonstrated that depressed 326 oxygenation of erythrocytes is a crucial aspect of the mechanism for AIHM (11). Thus up-regulation of 327 GDF15 in response to AIHM would be consistent with our observation of reduced erythrocyte 328 oxygenation during AIHM. EGR1 is among the most commonly described early stress responsive genes 329 that also function as a tumor suppressor (1, 23, 24) . Gadd45γ is a member of the family of stressor sensors 330 (17), that also have been described as tumor suppressors (20, 54). Interestingly, AP-1 and Gadd45γ have 331 been described as nitric oxide induced genes (19, 45) . Historically, nitric oxide has both pathogenic and 332 therapeutic applications (50). DUSP1 was initially characterized as a MAPK phosphatase that deactivates 333 MAPK1 (15). Many stimuli are known to elicit the expression of immediate early genes through MAPK 334 signaling pathways. Accumulated evidence suggests that DUSP1 activation helps to dampen the MAPK 335 signaling cascade and balance the immediate early gene activation responses to stimuli (30). DUSP1 is 336 also known to be a critical player for regulating the innate immune response and suppressing endotoxic 337 shock (58). Up-regulation of DUSP1 has also been suggested to be protective in transplant reperfusion 338 (8).
340
Immediate early genes, such as c-fos, have also been used as biomarkers for active neurons in mapping 341 neuronal functional activities, since active neurons tend to express immediate early genes (22). Another 342 study showed c-fos, fosB, fosl2, junB, egr-1 were up-regulated in various regions of the brain in sleep 343 deprived mice, while fosl2 was also up-regulated in a different brain region in the recovery phase (44). 344
Thus, immediate early genes are active in many physiological conditions that may require adjustment and 345 adaptation.
347
A recent study demonstrated that both Arrdc4 and Txnip inhibit glucose uptake and lactate output in 348 cultured skin fibroblasts (34). These two transcripts may play similar roles in other tissues and regulate 349 glucose and lactate levels. We have observed an increased level of glucose and reduced level of lactate in 350 serum of mice in both AIHM and arousal states (11), consistent with the observation that these genes are 351 up regulated in both states. (TXNIP is up-regulated 1.9 fold in the AIHM state, thus was not included in 352 Table 2 ). In the liver, lactate can be salvaged to form pyruvate, a central metabolite that feeds into many 353 key metabolic processes including the Kreb's cycle.
355
That the "Gene Expression" function was enhanced during both AIHM and arousal phases as revealed by 356 IPA is unmistakable, since gene expression patterns were changed in both stages. However, other sub-357 networks linked to the gene expression network in the networks broadly defined by IPA were less 358 compelling to us. The IPA database is largely based on keyword-search of publications for indirect links 359 between molecules and functions. Thus, it reveals many relationships that are suggestive, and may 360 provide clues for possible novel interactions. Users are cautioned against using IPA to define molecular 361 interactions. On the other hand, we have not been able to detect any physiological or behavioral 362 impairment in mice caused by regular AIHM treatments, even when the animals are treated every other 363 day for 4 weeks (data not shown). We recognize that under this relatively transient deep hypometabolic 364 state, life processes at the organ, cellular and molecular level could have been challenged in a way that is 365 unparalleled by other physiological processes commonly encountered and described. Therefore, we 366 present these data without trying to over-interpret them. 367 368
Initially data were analyzed in pairs such as AIHM vs ZT6 and arousal vs ZT12. Most of the differentially 369 expressed transcripts were from circadian oscillating genes, similar to ZT0 vs ZT12 and ZT0 vs ZT6, 370
respectively. When the expressions of hundreds of circadian oscillating genes from AIHM, arousal and 371 the four ZT control groups were plotted in one heatmap, it became clear that the expression levels of the 372 circadian oscillating genes in the AIHM and arousal groups are not significantly different from their 373 expression levels at ZT0 when the 5'-AMP was initially administered, but were different from other ZT 374 groups. Therefore, the ZT0 group was chosen as the reference. The present study suggests that clock 375 controlled genes no longer display temporal control in the AIHM state. Given the severe metabolic 376 suppression, it is not surprising that many normal physiological and cellular processes are suspended 377
temporarily. In addition, the gene expression profile of the majority of non-clock control genes also 378 displayed minimal changes from the untreated control. Interestingly, it has been reported that the 379 circadian clock stopped ticking during hibernation in the hamster (35). Thus, our finding may be a general 380 consequence of extremely low metabolic activity on gene expression. The majority of the transcripts that 381
were differentially regulated in AIHM and arousal stages are no longer differentially regulated after 24 h. 382
By 48 h, these circadian genes are mostly back to their normal rhythm. Our characterization of AIHM was recently published (11). Recent independent studies have also shown 407 that administration of 5'-AMP to mice and rats resulted in the lowering of the body temperature. Swoape 408 and colleagues suggested that AIHM is mediated through adenosine receptor signaling pathways and is 409 thus different from torpor (42). They proposed that AIHM is mediated through a bradycardia effect of 410 adenosine receptor pathways in the heart. However, our studies showed that genetic deficiencies in 411 adenosine receptors (A1, A2A, A2B and A3) did not affect the ability of mice to undergo AIHM. Further, 412 mice deficient in Ecto-nucleotidase (CD73) required much less 5'-AMP for AIHM. Ecto-nucleotidase 413 (CD73) is the extracellular enzyme that converts 5'-AMP into adenosine. It has been previously shown 414 that adenosine cannot induce bradycardia in A1 receptor deficient mice (10). These findings suggest that 415 adenosine signaling does not play a major role in AIHM. Similar to independent findings (56), our studies 416 also showed that mice in AIHM have slower heart rates, hypotension, much higher blood glucose 417 (hyperglycemia) levels and low blood lactate levels. It should be noted that hamsters undergoing natural 418 daily torpor also display increase levels of blood glucose in the initial phase suggesting that daily torpor 419 unlike hibernation preferentially uses carbohydrate as an energy source (16). The decrease in blood 420 pressure (hypotension) reflects vasodilation of the peripheral vessels. This is a physiological response that 421 enhanced the loss of body heat. 422
423
The complex and well coordinated seasonal molecular reprogramming that enables hibernators to 424 transition safely between the summer euthermic state to the winter hibernating state has been studied 425 using transcriptional profiling (9, 29, 40, 49, 51), proteomics (14, 38) The correlation of array data with qPCR data using L7 as the 648 reference is 0.99, and that of array data using GAPDH as the reference is 0.97 for the AIHM state (n=4); 649
The correlation of array data and qPCR data using L7 as the reference is 0.99, and that of array data with 650 GAPDH as the reference is 0.98 for the arousal state (n=4). 
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